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] ABSTRACT

The attenuation of a blast wave passing through a
L 7 layer of bubbly water is investigated under assumptions that

permit an acoustic analysis. The presence of a small

@

amount of air in water reduces the speed of sound drastically,
often two orders of magnitude. For example, it is found

that in a mixture of air and water at STP, the speed of sound
is between 100 and 170 ft/sec for an air to mixture volume
ratio of 5 to 15 percent. It is shown that this phenomeron
can be used to harden underwater structures to fairly sizable
compression waves (=5000 psi) ana to produce a possible e

[ i q .

order of magnitude reduction in the overpressure for a gingle

bubble layer. Further attenuation may then be obtained by

a sequence of hubble layers,
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NOMENCLATURE

sound speed

bulk modulué
width of bubble layer along the x-axis
elemental mass

Mach number

pressure
"Boltzmann gas constant

entropy

time

temperature

particle velocity

elemental volume

bubble volume per unit mixwure volume
specific heat ratio

reflection coefficient

air to water mass ratio

density

t/c
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I. INTRODUCTION

In recent years a great deal of interest has been evinced in techniques
for protection of underground or underwate: structures fra the evere
environment such as could be nroduced by an atomic blast. or a blast of
conventional cxplosives. Most of the technology has centered around making
a sironger structure rathcer than modifying tne environment. The present
work decals with a reduction of the blast wave boefore it reaches an underwater
structure by means of a laycer of bubbly water, It utibives the fact that the
presence of a small amount of a‘s in water reducces the sound speed, ¢,
C.actically, often two orders of magnitude. Since the acoustic impedance is
given by pc, there is a signifizart impedance mismatch at the boundary
between water and bubbly water., Thisfactcanbeuscedtoreduce overpressures
of 5000 psi or so to meaningful levels.

’

It is known " that the addition of a small amount of air (or other gas)
to water produces a drastic change in the spced of sound in the mixture. For
example, it is found that for a mixture of air and water at STP, the speed of
ctween 100 and 170 ft/scc for an air to mixture volume ratio of 5
to 15 percent. This compares with about 5000 {t/sec in water and about
1100 {t/sec in air. These phenomena have been verified experimentally as
well as derived anaiytical}yl' z, 3.

It is shown in this paper that this phenomenon can be used to harden
underwater structureg to fairly sizable compression waves and to produce a
possible order of magnitude reduction in the overpressure for a single bubble
layer. Here attenuations are theoretically obtained for a single bubble layer;
further attenuation of a water shock may be obtained then by a sequence of
bubble layers placed before the site.

Since the properties of bubbly water are known, but not well disseminated,
the following section presents a survey of the present status of bubbly water

physics. Section IiI deals with the application of the results of Section II to

atteruation ¢ { pulses. Section IV contains the conclusion of thia study The __ . .
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principal assumption in the ; resent work is that all analyses arc cssentially

acoustiv. Reference 3 is sinilar to the present work except that the acoustic
assumptions are not made, ani exact characteristic medhods are used in
Ref. 3. The simplicity of the acoustic assumptions n:ake the present werk
casier 10 apply and make interpretation of the results more straightforward.
Since Ref. 3 is moere exact than tne present work, it is heavily relied upon

for compariscns.
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II. PROPLERTIES Of° THE SUBRLY WATLER

The speed of sound In a2 bubbly wailer miiaiuars Cail Lassiy DU

in first approximation. by assuming that an isothermal process takes place

Livael 15 transmitted boetwoen the bubb'e and

insidce the todividual bubble, tiat 8o

w

the watey, that surface tenasion and viscosily can be neglected, and that there
is no dynamic behavior of the bublic.

For aninitial order of magnitude estipnation of th= effect of the muxture
ratio or the sound spr—cd,l
PO' Y

bubbly water mixture, and a is the ratie of the («iti1al bubble volume to the toutal

consider a volume of buhblos, imually at a pressure

and initially occupying a volume ¢V wherse ¥, s the sampie volume of
L8

sample volume.

If a pressure rise AP is graduatly imposed orn the muxture,

along witn a concomitauat volume change &+, at constant temperature, then,

- neglecting the compressibility of the water, it {follows that
e )& ; } - = ¥ : }
. UoiAR)(u\O-rA\) HOG\U . (1}

If \ll changes of pressure and volume are considered to be infinitesimal, then

¥yg. (1) becomes

AP = -(PO/LL)(A\',/\"O) .

Thus the bulk micdulus :s

e
¢
;;

If the 1rass of the air can Ue neglected, the mixture density p is

)

p=p M1 -9

|
- _g & ™
-3 -
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wvhere Po is the water density. The speed of sound is then given,

approxunately, in the range 0 < a < {, by

1/2
c:(k)”?‘._. 1o - (4)
. ST by,

This analysis gives an infinite sound speed for a = 0, a = {; this anomaly is
due to the neglect of the comprescibility of water and the density of air in

first approximation. Equation (4) is plotted in Fig. 1 for P0 = 14. 7 psi, and

b sec? (= 62. 4 1b/ft° )

p =1.93788 =
W it 32.2 ft/sec’

Table I gives the result of such a calculation.

For a inore complete analysis, one can use the results of Parkin,
Gilmore and Brode. 3 If one assumes that temperature chaages in the water
can be neglected during the heat flow occurring in the compression, and that
the dynamic effects in the bubbles are of no consequence, one can derive an
equation of state for the mixture

I
o i e IR (5)
a pp (1 + P/k)

where p is the ratio of the mass cf air to the mass of water in a volume

clement and is given by

el

1P
f o]
-
& s

(6)

In Eqs. (3) and (6), P is the pressure, k is the bulk modulus of the

o2
Ed

walter, Ta is the air temperature, p is the density of the mixture, p is the

TN
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water density at zero hydrostatic pressure, Pa is the air density, and Py is
the water density. To describe the equation of state of the air alone, it will

be assumed to be a perfect gas:

P

. R _
—_— E - ¢
Pa I‘a m 0

. L . 2,.4 5 A
For this revort, the values ¢ = 1.93788 lb-zec™/ft", and k = 3 X 107 psi will

be used, The parameter p can be obtained as a function of a, and is

Pm H a

""‘yTa -P_m(l"‘P/k)l-O. > OSQLSM » (8)

Two cases are of interest in computing the speed of sound in the
mixture; they are the isothermal bubble and the adiabatic bubble,

If the air-water mixture is initially in thermal equilibrium, then
Ta =T, This tecmperature is azssumed constant throughont the deformation.
The speed of sound is given by ¢~ = (dP/dp). From Eqgs. (5) and (7), one

cbtains

r “2_1
1

oot @
(1 +p)p (1 4+ P/k)

As is easily deduced, this speed of sound is least for a = 1 /2, which result is

also obtained from Eqg. (4).

2z
¢ =
i

'olrc

If the process is assumed to be adiabatic, then the air is described by

aT ,
—2a.y-14dP 7 , (10)
Ta AT P .




wlhiere y denotes the ratio of specific heats for air. From Eqgs. (5), (7), and

(10) one obtains:

-1
zZ _yP p 1 P/k
‘ ‘a” P ! T+ p)p¥ _1+P/k(1 "1+ DP/k . {11)

These are plotted in Fig. 1 as functions of o for sea level, ST P conditions,

For low pressure P/k<<1, 0<act,

- . _a'...(( 1,

w

2,2
-1 p_/p

2 P Pa a'w

. R — 1+ Tip 70| 2
B <, PR -c.)u(1+p ) Ql-l-p S and (12)

w a'tw
2 2
¢, Sy .

For greater depths, the results are similar except that P increases
{see Table II).

The above analysis will yield a fairly accurate value for the sound speed
in bubbly water. It is based primarily upon static and quasi-stationary
thermodynamics. There are, however, some additional effects, usually
second order, that can be taken into account. For the purposes of this
analysis and the acoustic assumptions used, these second order effects are of
little importance; for completeness, they are mentioned below.

First, the bubbles will not behave in a quasi-static fashion when acted
upon by a disturbance, but will have &« dynamic response pattern of their own.
Further, and probably more important, the thermodynamics of bubbles will
be quite complicated, and allowance should be made for such higher order
effects, as well as effects of reflected waves in the media, state changes due
to waves passing through the medium, etc. It is estimated that for bubbles

initially smaller than 0. Ot in. in radius, the time required to cool to the




temperature of the werer from a higher temperature is a few milliseconds.
For bubbles an inch or so in radius, the cooling times are so long that a
reversible adiabatic process should be assumed. The latter conclusgion is
only valid so long as the bubbles do not break up.
Second, the problem of solubility should be considered. As pressure
increases the solubility of air in water increases, and the bubbles will tend
to dissolve. The sclution times are generally greater than iO-z sec for
bubble radii greater than 10-3 in. and pressures less than 104 psi. For
larger bubbles (! in. radius) this time should be 1 sec.
To have a true shock wave in water alone, as differentiated from a
simple corﬁpression wave, the overpressure should be of the order at
250, 000 psi. 4 In order to assume that the acoustic approximatiouns are valid
in water, this analysis is limited to water overpressures of 20, 000 psi. For .
this value of overpressure, pi/p0 < 1,055, and it is evident that any entropy '
jump across the wave5 is negligible, and the shock can be replaced by a
simple compression wave.
An analysis based upon stationary positioning of the different layers
after incidence of the initial shock and subsequent reflection and tranamittal
of waves is a reasonable first approximation consistent with the negie;‘t of =
various cther small scale effccts associated with an accustic analysis. The
medium @ (see Fig. 2) is assumed to remain passive and bomogencoué as
the wave propagates through, and effects of local diffraction, local nonhomo-
geneous reflection, various irreversible processes, etc., are neglected in
this first approximation. In the mixture region, the foregoing assumptions
may be considered valid for P, < 5000 psi, hence acoustic methods will only

he considered for thig overpregs:

alone, such methods are clearly valid for P, = 20, 000 psi. Detailed expres-
6

sions for shock wave propagation in water and bubbly mixtures™ are in

agrecment, for lower overpressure ratios (P, < 5000 psi), with the results
8 P i p ]

from the acoustic analysis presented here.




III. ATTENUATION OF BLAST WAVES

In this scction, the possible uses of bubbly water to alleviate the effects
‘of an atomic blast will be considered. An atomic blast in shallow water will
have four main effects. First, there will be a shock wave generated in the
water. It is expectad that this will decay fairly rapidly into a simple com-
F pression wave (P, = 5000 psi) which may be treated by w~ acoustic approxi-
mation and which can be transmitted over fairly long distances. Secondly,
; there will be a "water wave' or tidal wave generated. Thirdly, a ground
blast will be generated, and this will, of course, interact with the first two.
Last, there will be an air blast wave generated, which is essentially the
transmitted shock wave through the air-water interface.

This report is concerned primarily with the shock v ove effect. The

ground wave and the air wave have different effects and a'hould be considered
separately. The tidal wave will have long wavelengths (long compared with
. the dimensions of the bubbly water and/or the structure considered), and will
dep=nd on the pararneters of the bomb and of the specific geometric configura-
tion of the ocean bottom. The definition of the tidal wave problern with respect
to these parameters is quite complicated and will not be considered here.

An actual shock wave in water implies an overpressure of the order of
240, 000 psi. 4 It is felt that little can be done to harden a structure to such
pressures. Accordingly, for purposes of this investigation, the pressure
wave in the water will be considered to have an overpressure of 20, 000 psi

or less. For this range of pressure, the usual acoustic approximation will

be valid in water, since P/k & 0. 067. As mentioned in tue previous section,
in the air-water mixture, straightforward acoustic methods may be used with

confidence for 1-"1 % 5000 psi; therefore, hardening will only be considered

for this range of overpressures, although in water alone higher Pl valus=s
may be treated by acoustic methods.
First, consider the blast wave propagating through an infinite layer of

. bubbly water. The situation is depicted schematically in Fig. 2, where the

-9-
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source is assumed to be 80 far away that reflection from the source at A can
) :be'ijnpre,d. In medium @ , one has

o dfu, | ety - :
3 ,, S g = —— X
- T S
' _ k_“3,)
- T - i 0P1 _ !:)U1
ax Pt ot
- & ilarly, ilipgegiiur;q@ » one has
- 2 2
- ) | 8 U2 ) 1 B U2
i - ' . 8x2 :g 8t2
(14)
BPZ _ 8U2
" ox P2t

In Eqs. (13) and (14), U‘ and U2 are the velocities of the fluid particles in

-the two media, P, and P_ are the pressures, and ¢, and ¢, are the sound
1 2 P b <

speeds derived in Section II. The boundary conditions at the interface B

are that U1 = UZ' and Pi = Pz. If an incident pressure pulse P[t - (x/ci)] is

S erer)en(ed) |
S I

g
1]

]
—
[
n
~-

-10-
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where A is the transmission coefficient given by

P,C
, P22
Pycy

A = ———
t+f2f2
O L e

The results are now simple to interpret. An initial pressure pulse Po(t) is
attenuated into medium @ with & strength AP(t). (It rewst be borne in mind

that thesc are overpressures,) If the densities of the v« media are assumed

_to be the same, and one takes €, 100 ft/sec, €y = 5000 fi/sec, one has

2

A=—290 o L (17)
1+ 20

50 ' :

This is an attenuation of a factor of 25. The greater attenuation will occur
when & = 1/2, and will be greater than this. The attenuation given by Eq. (22)
reduces a blast wave of 5000 psi to one of 200 psi, a sizeable reduction,

Next, consider a bubkle layer, illustrated by Fig. 3. Taking a Laplacc
transform, applying the boundary condition, and taking the incoming pulse in
medium @ as P[t - (x/cl)) ., one obtains

.i53 =x(2 - \) ?0 exp(—%ﬁ)[i - (1t -) e':)q:p(-Z'r?_r;)]'l

{ (18)

=2 - \) 170 exp(— —:%)[1 + (1 - )\)zrexp(-Z'rzs) + (1 -

A% exp (47,00 ]

-11-




B Thus

“where T, = lzlcz . Each term in the series contained in the braces
represents & refleztion from C to B and back to ¢ into medium @ again.

e LR LI _ (19)
' : +(1-x)'p0(v-+rz-§—) ]

1

where T =t - Ty

In this case, the attenuation is not quite as straightforward to
determine as before. The pulse PO will possess a width, say 7. If it is
less than ZTZ. thon a point z will see a series of separate pulses as shown
in Fig. 4. Each succeeding pulse is attenuated from the original transmitted
pulse by a factor of (1 - )\)2. (1 - )\)4, etc. The original attesnuation of (2 - A}
multiplies the entire expression. If, however, To 2 272, then the situation is
as shown in Fig. 5. Each reflected pulse catches up with the preceding one
for some portion of its width. It is conceivable that these reflected pulses
<could even add up to a pulse greater than the original pulse. In any event,
the spacing of the bubble layer should be adjusted to avoid these additive
reflections. Pecriods for blast pulses for lower energy explosions have been
given; 6 however, for the energies considered in underwater nuclear blasts,
data is not available to the authors at present, nor is data on the width and
shape of Llast pulses. The simplifying assumption of a plane shock of
infinitesimal thickness is used throughout this analysis; a more detailed
approach must necessarily use the entire pulse shape behind the steep
fronted initial portion of the wave.

Next, consider a rigid wall protected by a bubble layer. The geometry
is ag in Fig. 3 except that medium @ is now a rigid wall. The solution for
the pressure at the interface C is now

-1 *

- P_=2\P exp(-87,)[1 - (1 - \)exp(-2 s7,)) (20)

-12-




The term exp(-s'rz) represents the time the original disturbance takes to
reach the wall C. Measuring time from this point, v =t - T climinates
this factor. Thus: 5

_ﬁc = 2)\_7.30[1 + {1 - X\) exp(- Zs‘rz) + (1 - A)z expl - 4512) +...] (21)

The situation is identical to the preceding one except that each
successive pulse is attenuated by the factor (1 - A) instead of (! - A\)°. The
inversion of (21) gives

P_ = 2k Py(7) + (1 - \)Py(7 - 27,) + (1 - MPP(7 - 4T )4 L) (22)

Soth principal attenuations M2 - A} and 2\ are of the order of 1/12.5, which

is at least one order of magnitude (assuming cz = {00 ft/sec, c’ = 5000 {ft/sec).
There are other configurations of interest, such as multiple layers,

and curved layers that can be investigated, but since this 15 a preliminary

analysis it is not deemed recc=gary to do so.

For pressures of the order of P, ® 4000 pri, attenuations

bhere and those given 1n Ref. 3 are comparabls. For higher pressures = 777 '

Ref. 3 assumes the acoustic approximation to hold provided the local sound
speeds in @ are adjusted due to the passage of the initial pressure and
reflected waves through @ For the lower pressures (P1 < 4000 psi) the
medium is essentially passive and the wave has small effect on the sound
speed change, so that the simple acoustic approximatio.s is applicable in the
usual sense. In Ref. 3, for Pl = 10,000 psi, attenuations are small due to

the fact that the passage of the wave increases sound speed to near that of

pure water. The reflected wave of small intensity is then practically
repropagating through pure water; i. e., the initial wave propagates into a
region of the same acoustic impedance as that behind the wave. The possibility

of the bubble mixturc undergoing phase changes, the collapse of the bubbles

to vanishingly small radius as the wave propagates througn, and the resulting

~13-



effect on wave propagation phenomena and reflection phenomena, make the

_applicability of acoustic methods seem somewhat limited even with local

=2 . impedance changes within @ governing various strength waves propagaling

- through @ Reference 3 requires the assumption of thin bubble layer
thickness to hold 80 that the wave may be considered as a plane shock in @ .
Hence, limitations of a higher order of complexity limit the present analysis
to overpressures P, % 5000 psi and thin bubble sheets. Considerable attenua-
tion is obtaired both in Ref. 3 and the present analysis by the additiom of a

{ % 5000 psi

‘implies a workable method for attenuation; for higher pressures, the

bubble layer. The confirination of the results a1 Kef. 3 for P

mechanisms and wave rnodels must nccessarily be subject 1o experiment to
obtain reliable reaults, as the acoustic approximati'on in a nonpassive medium
is open to question, Therefore, it is the conclusion of this paper that a
“bubble layer, or a sequence of layers, is sufficient to attenuate a water shock
wave of Pl % 5000 psi by one or more orders of magnitude. Turther attenua-
tions for higher Pl values must be determined by consideration of more

complex wave phenomena beyond the scope of this preliminary report.

-14-
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IV, CONCLUSIONS AND RECOMMENDATIONS

It has been shown in this paper that a layer of bubbles can reduce the
overpressure of a shock wave in water by an order of magnitude for « single
Jaycr. For multiple layers, the attenuation could beconsiderably greater.

Much of the groundwork for a practical study of such a method of
hardening sites has been done. 3 Many important preblems such as the
diffraction of a shock wave by a bubble layer surrounding an obstacle, and
others mentioned here, are left unanswered. 1t is felt, however, that the
main need is for cxperimental work to verify the theory of bubbly mixtures,

to verify the computed attenuation for the ac>ustic approximat.ion given here,

and to determing the limit of extension of the acoustic approximation to higher

wverpressures. Additional experiments for more complex nonlinear wa-e
modcls and separation distances arc also clearly indicated as farther exten-

sions of this hardening concept.

-15-
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Table I. ¢ vs a for STP

¢ ft/sec
(Calculated)

c ft/sec
(Measured)! 1]

151. 6
110.2
92.70
82.62

76. 31

150

128

95

141

80

Table II.

¢ vs u for the Isothermal and the Adiabatic
Case at Sca lL.evel and 100 ft below Sea Level

Sea Level

100 Feet




250}

200

c, ft/sec

150

100

50
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. €) NEGLECTING WATER COMPRESSIBILITY
2A LEVEL

AT SE

. € WITH WATER COMPRESSIBILITY

AT SEA LEVEL

. ¢g WITH WATER COMPRESSIBILITY

AT SEA LEVEL

. ¢ WITH WATER COMPRESSIBILITY

AT 100 ft

5. «q WITH WATER COMPRESSIBILITY
AT 100 ft

| | I

0

0.05
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a

Fig. 1. ¢ vs a for a Bubble Mixture
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Fig. 3. A Bubble Layer
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